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Sm-Nd garnet-whole rock geochronology and phase equilibria modeling have been used to determine
the age and conditions of regional metamorphism within the Tasriwine ophiolite complex, Sirwa,
Morocco. Pressure and temperature estimates obtained using a NaCaKFMASHT phase diagram (pseu-
dosection) and garnet core and rim compositions predict that garnet growth began at ~0.72 GPa and
~615 C and ended at ~0.8 GPa and ~640 C. A bulk garnet Sm-Nd age of 647.2 ± 1.7 Ma, calculated from a
four point isochron that combines whole rock, garnet full dissolution and two successively more
aggressive partial dissolutions, provides a precise date for garnet formation and regional metamorphism.
The age is over 15 million years younger than a previous age estimate of regional metamorphism of
663 ± 13 Ma based upon a SHRIMP U-Pb date from rims on zircon from the Iriri migmatite. The new data
provide further constraints on the age and nature of regional metamorphism in the Anti-Atlas mountains
and emphasizes that garnet growth during regional metamorphism may not necessarily coincide with
magmatism/anatexis which predominate the signature witnessed by previous U-Pb studies. The ability
to couple PT estimates for garnet formation with high precision Sm-Nd geochronology highlights the
utility of garnet studies for uncovering the detailed metamorphic history of the Anti-Atlas mountain belt.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The Anti-Atlas mountains, southernMorocco (Fig.1), expose one
of the most important segments of the ancient orogenic belts
established along the margin of Gondwana during the Neo-
proterozoic. Since 2000, a number of studies employing modern U-
Pb geochronological techniques have allowed the orogenic events
in the Anti-Atlas to be studied with increasing levels of temporal
resolution (e.g. Thomas et al., 2002; Walsh et al., 2002, 2012; Inglis
et al., 2004, 2005; D’Lemos et al., 2006; Samson et al., 2004; Abatiinglis@lanl.gov (J.D. Inglis),
u (S.D. Samson), admou@
up.com (A. Saquaque).
nal Laboratories, Los Alamos,
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.021et al., 2010; El Hadi et al., 2010; Toummite et al., 2013; Blein et al.,
2014a,b; Triantafyllou et al., 2016). As a consequence, a number of
general observations about the length and scale of the Anti-Atlas
orogeny can now be made. Three broad tectonothermal events
are apparent, occurring at c. 760e700 Ma, c. 680e640 Ma, and c.
620e560 Ma. Each event is marked by considerable volumes of
magmatism with distinctly different tectonic characteristics that
document the development of a rifted margin, the initiation of
subduction, island arc construction, arc-continental collision and
development of an active continental arc (Walsh et al., 2012;
Hefferan et al., 2014; Triantafyllou et al., 2016; El Hadi et al.,
2010; G€artner et al., 2016) on the northern margin of West Afri-
can Craton. Recent detrital U-Pb age studies in the orogen (e.g.
Abati et al., 2010; Gasquet et al., 2008; Liegeois et al., 2006; Avigad
et al., 2012; Karaoui et al., 2015) have produced general age char-
acteristics for the eroding orogen that broadly match the tectono-
thermal events identiﬁed by the conventional geochronology; andunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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clastic sedimentary basins associated with the orogeny between c.
630e600 Ma.
This U-Pb dominated approach to understanding the evolution
of the Anti-Atlas is not without its limitations. Zircon U-Pb studies
are by necessity biased by the fact that zircon forms predominately
in tectonic regimes associated with magmatism and anatexis. Thus
zircon studies may potentially miss important tectonic events
during orogenic phases that were not linked with major periods of
magmatism and/or anatexis. As a result, these U-Pb studies have
thus far provided only very limited constraints on the nature and
duration of the metamorphic events that have taken place in the
orogenic belt (e.g. Inglis et al., 2005; El Hadi et al., 2010), making it
difﬁcult to integrate periods of voluminous magmatism and
metamorphism into a comprehensive geodynamic model for the
evolution of the orogen. Detrital zircon U-Pb studies within the
Anti-Atlas domain characterize the timing of the onset of sedi-
mentary basin development and the broad nature of older crustal
elements in the orogen. However, a full understanding of the
sedimentary response to tectonism in the Anti-Atlas requires that
the timing of sedimentation be compared with the timing and
nature of collisional and exhumation events that were responsible
for basin development.
A keymissing component in our understanding of the Anti-Atlas
is the ability to place the framework of current U-Pb ages into
context with the metamorphic evolution of the region. In this re-
gard the mineral garnet is of special interest because: i) modern
approaches to garnet Sm-Nd geochronology allow themineral to be
dated at a level of precision similar to high precision U-Pb zircon
ages; ii) garnet has the potential to provide useful information on
the PT conditions in which it grew; iii) garnet can grow over a wide
range of PT conditions and may record tectonic events not associ-
ated with events typically associated with zircon growth; iv) garnetFig. 1. Map of the Anti-Atlas region of Morocco showing generalized geological features. Ins
African Craton.
Please cite this article in press as: Inglis, J.D., et al., Determining ag
geochronology and phase equilibria modeling in the Tasriwine ophiolite
http://dx.doi.org/10.1016/j.jafrearsci.2016.06.021can be found in protoliths that are typically devoid of U-Pb bearing
minerals.
Here we present results from a pilot study to assess the feasi-
bility of using garnet to further constrain the metamorphic history
of the Anti-Atlas. For this studywe chose garnet-bearing rocks from
the Tasriwine ophiolite complex, in the Sirwa inlier. We believed
this to be a useful ﬁrst approach, as these ophiolitic units have
proved difﬁcult to date by traditional U-Pb methods. The study
combines phase equilibria modeling and garnet geochronology to
constrain the PT conditions and age of metamorphic garnets from
metabasic units associated with the Tasriwine ophiolite complex
(Fig. 2). The phase equilibria technique involves calculation of a
pseudosection for a speciﬁc bulk composition and comparison of
measured garnet rim and core compositions with the predicted
pseudosection in order to constrain the PT conditions of garnet
growth. The calculated PT conditions for garnet growth are inte-
grated with a bulk garnet Sm-Nd isochron that provides precise age
constraints on regional metamorphism. These new data aid in both
characterizing the conditions of metamorphism in the Anti-Atlas
and constraining the age of arc e continental collision in this
portion of Western Gondwana. This initial study highlights the
need for accurate age determination of metamorphic events in
order to compliment the framework of magmatic events already
identiﬁed by previous high precision U-Pb work in the Anti-Atlas.2. Geological background
The Anti-Atlas can be broadly divided into ﬁve tectonostrati-
graphic units: (1) Eburnean basement of the West African Craton;
(2) Proterozoic supracrustal rocks (Taghdout Group)exposed along
the northern margin of the West African Craton; (3) An older
Neoproterozoic sequence (Iriri and Bou Azzer Groups) including arc
basement, ophiolitic and metasedimentary melanges juxtaposedet: location of the anti-Atlas belt in relation to other mobile belts surrounding the West
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by the Anti-Atlas Major Fault; (4) a thick overlying sequence of syn-
to late- orogenic sedimentary, volcanic and volcaniclastic rocks
(Saghro Group, Anezi, Bou Salda and Tiddiline Formations) depos-
ited in large separate basins; (5) a late orogenic sequence (Ouar-
zazate Supergroup) of sedimentary ‘molasse’ and volcaniclastic
rocks that overlie the entire orogen (Thomas et al., 2004; Alvaro
et al., 2014a,b).
The Taghdout Group was deposited in a passive margin envi-
ronment, and subsequently subjected to rifting followed by sub-
duction and arc collision. The depositional age of the Taghdout
Group sedimentary rocks are poorly deﬁned but are typically
assigned an age range between 900 and 750 Ma (Thomas et al.,
2004; Alvaro et al., 2014a,b). Initiation of an intraoceanic arc is
believed have occurred at c. 760 Ma (Samson et al., 2004) and may
have had a protracted arc-building stage (Gasquet et al., 2008).
Intraoceanic arc building culminated in collision with the northern
edge of the West African Craton (Triantafyllou et al., 2016) and
appears to have been followed by the development of large syn-
orogenic sedimentary basins between c. 630e600 Ma (Abati
et al., 2010; Gasquet et al., 2008; Liegeois et al., 2006). The later
stages of the Pan-African orogenic cycle, between c. 620e540 Ma,
are dominated by calc-alkaline magmatism and limited regional
deformation associated with the transition from a continental arc
to a transcurrent margin.
Many studies have discussed the nature of collision in the Anti-
Atlas although each involved different approaches, including
structural (e.g. Ennih and Liegeois, 2001; El Hadi et al., 2010; Errami
and Oliver, 2012), petrologic (Hefferan et al., 2002; Bousquet et al.,
2008; Errami et al., 2009), and geochronological (Thomas et al.,
2002; Inglis et al., 2005; Gasquet et al., 2008; Abati et al., 2010;
Hefferan et al., 2014; Triantafyllou et al., 2016). Despite these
studies there is still considerable uncertainty about the conditions
and precise age of metamorphism in the region. These un-
certainties pose questions concerning: i) the exact timing of colli-
sion and obduction across the orogeny (Walsh et al., 2012; D’LemosFig. 2. Simpliﬁed geological map of the central part of the Sirwa inlier, showing locat
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(Hefferan et al., 2000; Ennih and Liegeois, 2001, 2008; Thomas
et al., 2002; Gasquet et al., 2005, 2008; Soulaimani et al., 2006;
Bousquet et al., 2008; El Hadi et al., 2010); and iii) the geo-
dynamic nature of collision (Hefferan et al., 2002; Bousquet et al.,
2008; Soulaimani et al., 2006).
Critical questions relate to the speciﬁc PT conditions and timing
of Pan African metamorphism within the Anti-Atlas belt. On the
basis of the discovery of sodic amphiboles in the Bou Azzer inlier by
Hilal (1991), Hefferan et al. (2002) used Na vs Al(IV) contents of the
amphiboles to estimate greenschist to lower blueschist facies
conditions of metamorphism (~0.7 GPa and ~350 C) within the
Bou Azzer ophiolite. Bousquet et al. (2008) used a thermodynamic
approach to reinvestigate the PT conditions of sodic amphibole
growthwithin the Bou Azzer ophiolite and concluded that the sodic
amphiboles analyzed by Hefferan et al. (2002) likely grew under
temperatures exceeding blueschist facies conditions. More
recently, El Hadi et al. (2010) used the occurrence of rutile within
‘relict’ garnet grains to propose that the Bou Azzer region had
attained metamorphic conditions of >1.0 GPa. Still, little is known
about the conditions of regional metamorphism in the neighboring
Sirwa inlier (Fig. 1). Furthermore, current geochronological con-
straints on the timing of collision and metamorphism are broad
(Walsh et al., 2012; Inglis et al., 2005; Thomas et al., 2002);
consequently the time span for collision in the belts extends across
an interval between c. 680e640 Ma. Collision was accompanied by
the deposition of a thick (>8000 m) succession of volcaniclastics,
ﬂysch-like turbidites and clastic rocks deposited within separate
fault bound basins in the Sirwa, Bou Azzer and Saghro inliers, later
deformed and metamorphosed under greenschist facies conditions
(Abati et al., 2010).
Our study is focused on the Neoproterozoic arc rocks exposed in
the Sirwa inlier (Fig. 2). The inlier includes an intricately interleaved
sequence of tectonic slices affected by medium to high-grade
metamorphism, including: allochthonous ophiolite complexes
(the Tasriwine and N’Qob ophiolites); tonalitic and amphiboliticion of the amphibolite sample used in this study (Modiﬁed after Admou, 2000).
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(Iriri migmatite). Several investigators have provided comprehen-
sive ﬁeld and petrographic descriptions of these rocks (Saquaque
et al., 1992; Thomas et al., 2002; Admou, 2000; Triantafyllou
et al., 2016). The intensely sheared Tasriwine ophiolite complex is
dominated by retrogressed maﬁc amphibolites enclosing large
lenses of ultramaﬁc cumulates, gabbro cumulates and a sub-
vertical sheeted dyke complex (Admou, 2000). This is one of a
number of juvenile ophiolite fragments tectonically interleaved
with high-grade metamorphic rocks of the Tachakoucht gneisses.
Samson et al. (2004) dated two plagiogranite intrusions within the
Tasriwine ophiolite, at 761 þ 1.9/1.6 Ma and 762 þ 1.0/2.0 Ma;
geochemical and isotopic data (Samson et al., 2004) indicate that
the ophiolite complex most likely represents juvenile oceanic
basement of an early Pan-African arc. The underlying Tachakoucht
gneisses and Iriri migmatite are thought to represent the roots of an
island arc complex developed on the early arc basement. The cur-
rent estimate of the age of the arc root is 743 ± 14 Ma, based on
SHRIMP UePb analyses of zircon cores from the Iriri migmatite
(Thomas et al., 2002). The arc complex is itself overthrust by the
highly deformed andmetamorphosed Tasriwine ophiolite complex.
Altogether, these rocks provide a unique record of oceanic crust
formation and intra-oceanic arcmagmatism, although the timing of
their eventual collision with the margin of the West African Craton
is still poorly constrained.
The metamorphic evolution that accompanied collision within
the Sirwa inlier is also poorly constrained. Both the Tachakoucht
gneisses and meta-ophiolite complex are characterized by a
pervasive greenschist facies overprint that, for the most part, has
eradicated peak metamorphic assemblages. The best current esti-
mate for the age of metamorphism in the Sirwa region is
663 ± 14 Ma, provided by a SHRIMP date from rims on the zircon of
the Iriri migmatite interpreted as having grown under meta-
morphic conditions during the main phase of arc-continent colli-
sion (Thomas et al., 2002).
Our study focuses on the garnet bearing amphibolites exposed
within the Tasriwine ophiolite, in the center of the Sirwa inlier
(Fig. 2). The ophiolite includes ultramaﬁc cumulates, gabbro cu-
mulates and a sub-vertical sheeted dyke complex (Admou, 2000),
together with garnet bearing high-grade amphibolitic gneisses.
Here we present new precision PTt data that helps constrain Pan
African metamorphic conditions in Sirwa.
3. Sample description and mineral chemistry
We collected metabasite samples from the village of Tourtit in
the central portion of the Sirwa inlier [N30 49.4343350 and W7
32.458456’], where sublenticular maﬁc bands of metabasalt,
hornblende gabbro and intrusions of felsic granitic rocks occur
within the Tourtit orthogneiss complex (Thomas et al., 2004;
Triantafyllou et al., 2016). Retrograde greenschist facies meta-
morphism affects all minerals, except garnet. Analysis of several
samples from the location revealed that garnet in sample SwT-Gt2
was well preserved and unaltered, providing the opportunity to
acquire precise age information and attempt thermodynamic
analysis. Sample SwT-Gt2 is a ﬁne-grained, foliated rock mainly
consisting of chlorite, plagioclase, biotite, garnet, quartz, retro-
gressed amphibole and accessory ilmenite. The matrix foliation is
deﬁned by the alignment of elongated chlorite and biotite crystals.
This foliation most likely represents a retrograde greenschist facies
overprint, as garnet porphyroblasts contain inclusion trails deﬁning
a higher-grade foliation.
The most important textural feature of the SwT-Gt2 sample is
the occurrence of two texturally distinct garnet types within the
metabasite: a comparatively large zoned type characterized byPlease cite this article in press as: Inglis, J.D., et al., Determining ag
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(Gt2). The Gt1 cores contain inclusions of quartz, plagioclase,
ilmenite and rare biotite. The cores are rimmed by dark red garnet,
whose color is similar to the Gt2 garnet. Chlorite occurs around
both garnet varieties and regularly replaces relicts of amphibole
and biotite. The salient features of the chemical composition of
minerals used in conjunction with pseudosection analysis to
constrain the conditions of metamorphism recorded by the Tasri-
wine ophiolite are described below; associated data are presented
in Fig. 3 and Table 1. Mineral analysis of garnet and plagioclase
inclusions was determined using a Cameca SX 50 electron micro-
probe at the University of Kentucky, USA. Operating conditions
were 15 kV accelerating voltage, a beam current of 15 nA and a
5e10 mm variable spot size. Additional EDS analysis of matrix
minerals (not presented here) were performed with a TESCAN
TS5136 SEM equipped with an EDAX-EDS detector at the University
of Chapel Hill, USA.
Garnet is almandine-rich and spessartine poor, with interme-
diate pyrope and grossular contents (Table 1a). Compositional an-
alyses of both types of garnet showed that Gt2 garnet are
compositionally homogenous, whereas X-Ray mapping and a
compositional traverse across a Gt1 grain reveals irregular zoning
(Fig. 3). Within the Gt1 grains Mn and Fe progressively decrease
from core to rim, whereas Mg gradually increases outward. Ca is
compositionally more variable but shows a slight decrease towards
the rim. These patterns imply undisturbed prograde growth with
no signiﬁcant diffusive re-equilibration, except for the outer most
rim that shows retrogression. The chemical composition of the rim
on the large Gt1 grain analyzed is of the same composition of the
homogeneous Gt2 grains. The similarity in chemical composition
between the garnet mantles of the large porphyroblasts and the
small unzoned grains, implies that they most-likely grew at the
same time. This suggests that early garnet nucleation and crystal-
lization was followed by accelerated garnet growth and nucleation,
possibly associated with a change in the local conditions of garnet
growth which promoted a large overstep in the garnet forming
reaction. Matrix plagioclase is variable in composition with values
ranging from 0.29 to 0.4 XAn. Calcic composition of plagioclase in-
clusions within the Gt1 cores was less variable with values ranging
from 0.34 to 0.36 XAn and low orthoclase component (Table 1b).
4. Garnet Sm-Nd geochronology
For sample SwT-Gt2 several whole 3e5mmgarnet crystals were
crushed and combined prior to hand picking for fragments clear of
inclusions that would be visible at X25 magniﬁcation. The picked
garnets were then split into three separate fractions. One fraction
was fully dissolved using hydroﬂuoric acid and nitric acid. The
other two garnet fractions were subjected to progressively more
aggressive partial dissolution procedures to cleanse micro-
inclusions and/or alteration products eusing a combination of hy-
droﬂuoric acid and aqua-regia prior to full dissolution. Each of the
solutions of the fully dissolved leached garnets and the associated
whole rock powder were then spiked with a well-calibrated
147Sm/150Nd spike and chemically separated using a three-stage
column chemical procedure modiﬁed from Harvey and Baxter
(2009). Sm and Nd isotopic analyses were conducted on a VG
Sector 54 thermal ionizationmass spectrometer at the University of
North Carolina at Chapel Hill. Nd was analyzed in seven collector
multi-dynamic mode as the oxide on a single Re ﬁlament, and Sm
was analyzed in static multi-collector mode on a single Ta ﬁlament.
A Ta2O5 emitter solution was used as an additional oxygen source
for the NdOþ analysis, following the procedure outlined by Harvey
and Baxter (2009). Nd analyses were corrected for the isotopic
composition of oxygen, and mass fractionation corrected toe of Pan African metamorphism using Sm-Nd garnet-whole rock
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Fig. 3. (A) MnO garnet chemical map of Gt1 garnet from sample SwT-Gt2. (B) Repre-
sentative core to rim traverse of garnet chemistry of Gt1 garnets in sample SwT-Gt2.
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mass fractionation using an exponential fractionation law,
normalized to 149Sm/152Sm ¼ 0.51685. Repeat analysis of 10 and
20 ng loads of the JNdi standard solution yielded a reproducibility
of 9.9 ppm (2s RSD) over the ﬁve month duration of analysis
(JuneeOctober 2011; 143Nd/144Nd ¼ 0.512127 ± 0.000005, 2s;
n ¼ 20). Procedural blanks measured during the course of analysis
were less than 10 pg for both Sm and Nd, thus blank corrections
were not needed. For calculating the uncertainty of the 143Nd/144Nd
of each data point, the larger (poorer) of either the internal preci-
sion or external precision was used in error propagation. The un-
certainty of the 147Sm/144Nd of each data point was assigned an
uncertainty of ± 0.1%. This value is slightly larger than repeat an-
alyses of whole-rock standards, however given the extremely low
content of Sm and Nd in the garnet analyses a higher assigned errorPlease cite this article in press as: Inglis, J.D., et al., Determining ag
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whole-rock and three garnet analyses using the program isoplot v.
3.00 (Ludwig, 2003). Multi-point isochrons, ones that comprise one
or more successively more aggressive partial dissolutions, coupled
with both a garnet full dissolution and whole-rock or matrix
analysis, provide the opportunity to assess the level of disequilib-
rium between a garnet and its inclusion population. Disequilibrium
between a garnet and its inclusions can lead to inaccuracies in a
calculated age if a partial dissolution procedure fails to produce a
‘pure’ garnet Sm/Nd analysis. Moderately high garnet Sm/Nd ratios
and low Nd concentrations coupled with little scatter on the
calculated isochron (Fig. 4), suggest that any REE-bearing inclusions
were either in isotopic equilibrium or did not signiﬁcantly affect the
measured isotopic composition of the garnet. The four point
isochron yields an age of 647.2 ± 1.7 Ma (MSWD ¼ 0.82), and is
interpreted to represent the timing of garnet growth and meta-
morphism. εNd values ofþ4.2 at 647Ma,þ4.8 at 720Ma andwhole
rock TDM of 876 Ma are all consistent with an oceanic island arc
setting for the protoliths.
5. Pseudosection modeling
The conditions of garnet growth have been constrained using
the petrologic approach of isochemical phase diagrams. For this,
the bulk composition of a sample of SwT-Gt2 was determined by
XRF. The average composition for the major oxides was: SiO2¼ 46.8
(wt.%), TiO2 ¼ 1.52, Al2O3 ¼ 20.11, Fe2O3tot ¼ 15.9, Mn ¼ 0.24,
MgO ¼ 7.21, CaO ¼ 4.11, Na2O ¼ 2.62, K2O ¼ 1.62. We compare
measured garnet core and rim chemistry with garnet composi-
tional isopleths predicted from pseudosection analysis. Two pseu-
dosections were constructed, illustrated in Fig. 5. For pseudosection
A (Fig 5A) the bulk composition of sample SwT-Gt2 (Table 2) was
used to model the ﬁrst step in garnet growth. For pseudosection B
(Fig. 5B) the original bulk compositionwas modiﬁed by subtracting
garnet cores of Gt1, which provides the means to model the mineral
relationships to be expected if the core of the garnets are isolated
from the overall bulk composition. Excluding the chemistry of the
garnet cores, which are effectively fractionated out of the bulk
chemistry of the system during growth, allows for more accurate
estimates on the PT conditions during growth of garnet rims.
Pseudosections were computed with the program Perple_X
(Connolly, 2009) using the NCKFMASHT (Na2O-CaO-K2O-FeO-
MgO-Al2O3-SiO2-H2O-Ti2O) system. MnO was neglected in the
pseudosections because it stabilizes garnet to unreasonably low
temperatures. Solution models were used for the following phases:
garnet (Ganguly et al., 1996), Ca- and Na-amphibole (Dale et al.,
2005), feldspar (Fuhrman and Lindsey, 1988), chlorite, phengite,
biotite, orthopyroxene, clinopyroxene (Holland and Powell, 1998),
ilmenite (White et al., 2000). Calculations were based on water
saturated conditions.
Fig. 5A shows garnet chemical isopleths for XFe (Fe/
[Fe þ Mg þ Ca]), XCa (Ca/[Fe þ Mg þ Ca]) and XMg (Mg/
[Fe þ Mg þ Ca]) equivalent to measured garnet core chemistry
superimposed on the whole rock pseudosection. Garnet core
chemistry was taken from the average of six electron microprobe
analyses of the garnet Gt1 cores. The isopleths converge on an
average P-T of garnet core growth of ~0.72 GPa and ~615 C, which
falls within the assemblage chlorite e feldspar e garnet e amphi-
bolee biotitee ilmenitee quartzeH2O. The calculated An content
of plagioclase under these conditions is also consistent with the
chemistry of plagioclase inclusions measured within garnet cores
(Fig. 5A). The only notable discrepancy between the predicted and
observed mineralogy is the absence of relatively large volumes of
amphibole and biotite in the sample. This can be explained by the
nature of post peak retrogression suffered by the sample. Fig 5Be of Pan African metamorphism using Sm-Nd garnet-whole rock
, Sirwa, Anti-Atlas Morocco, Journal of African Earth Sciences (2016),
Table 1
a) Representative garnet compositions from SwT-Gt2. b) Representative plagioclase compositions from SwT-Gt2.
Grtl-6 Grtl-4 Grtl-5 Grtl-2 Grtl-1 Grtl-10 Grtl-11 Grt2-13 Grt2-15 Grt2-17
Core Gt1 Core Gt1 Core Gt1 Core Gt1 Rim Gt1 Rim Gt1 Rim Gt1 Rim Gt1 Gt2 Gt2
MgO 3.46 4.01 3.91 3.47 5.96 4.87 4.88 4.61 5.15 4.96
A12O3 20.59 20.84 20.70 19.90 20.93 20.94 20.94 20.48 20.53 21.28
SiO2 36.98 37.23 37.45 36.37 37.60 37.74 36.85 37.13 37.30 37.34
CaO 3.72 3.91 3.72 3.84 3.00 3.45 3.10 3.31 2.89 2.62
TiO2 0.03 0.11 0.03 2.40 0.06 0.03 0.03 0.08 0.05 0.01
MnO 4.17 2.75 3.31 5.13 2.91 2.20 2.76 4.70 4.47 3.59
FeO 31.33 31.47 31.17 28.96 30.68 31.48 30.29 29.09 30.26 30.40
Total 100.28 100.32 100.29 100.07 101.16 100.70 98.85 99.40 100.64 100.20
Mg 0.415 0.477 0.466 0.416 0.699 0.574 0.586 0.553 0.610 0.588
Al 1.951 1.961 1.949 1.884 1.941 1.953 1.988 1.940 1.925 1.994
Si 2.972 2.973 2.992 2.922 2.958 2.986 2.967 2.985 2.968 2.968
Ca 0.320 0.335 0.319 0.331 0.253 0.292 0.268 0.285 0.246 0.223
Ti 0.002 0.007 0.002 0.145 0.004 0.002 0.002 0.005 0.003 0.001
Mn 0.284 0.186 0.224 0.349 0.194 0.147 0.188 0.320 0.301 0.242
Fe 2.106 2.101 2.082 1.946 2.019 2.083 2.039 1.955 2.014 2.021
Py 0.133 0.154 0.151 0.137 0.221 0.185 0.190 0.178 0.192 0.191
Gr 0.102 0.108 0.103 0.109 0.080 0.094 0.087 0.092 0.078 0.073
Alm 0.751 0.760 0.751 0.718 0.693 0.743 0.725 0.691 0.688 0.709
Sp 0.091 0.060 0.072 0.115 0.061 0.048 0.061 0.103 0.095 0.079
XCa 11.27 11.48 11.11 12.28 8.52 9.91 9.26 10.21 8.58 7.87
XMg 14.61 16.38 16.25 15.45 23.54 19.46 20.25 19.78 21.26 20.77
XFe 0.74 0.72 0.73 0.72 0.68 0.71 0.70 0.70 0.70 0.71
GrtP16 core GrtP18 core GrtP19 core GrtP110 core Grt2P13 core Grt2P14 core MtP14 matrix MtP15 matrix MtP16 matrix MtP12 matrix MtP19 matrix
Na2O 7.45 7.31 7.44 7.09 7.34 7.30 6.91 7.53 7.18 6.68 6.75
Al2O2 26.36 25.50 26.08 26.24 26.61 26.01 26.84 26.00 26.25 26.13 27.17
SiO2 58.31 59.39 59.11 58.15 57.12 58.93 57.80 58.21 58.57 57.65 56.15
K2O 0.10 0.12 0.08 0.04 0.10 0.15 0.13 0.08 0.07 1.68 0.12
CaO 7.24 7.04 7.09 7.13 7.59 7.50 7.96 7.09 7.46 5.65 8.24
FeO 0.44 0.27 0.62 0.25 0.43 0.22 0.26 0.54 0.34 0.61 0.41
Total 99.91 99.64 100.42 98.90 99.19 100.10 99.89 99.46 99.86 98.40 98.84
Na 0.647 0.634 0.642 0.620 0.643 0.632 0.600 0.657 0.623 0.590 0.594
Al 1.391 1.345 1.368 1.394 1.418 1.368 1.417 1.379 1.384 1.403 1.455
Si 2.611 2.657 2.632 2.622 2.582 2.631 2.590 2.619 2.620 2.626 2.551
K 0.006 0.007 0.005 0.003 0.006 0.008 0.007 0.005 0.004 0.097 0.007
Ca 0.348 0.338 0.338 0.345 0.368 0.359 0.382 0.342 0.357 0.276 0.401
Fe 0.017 0.010 0.023 0.009 0.016 0.008 0.010 0.020 0.013 0.023 0.016
Ab 0.65 0.65 0.65 0.64 0.63 0.63 0.61 0.65 0.63 0.61 0.59
An 0.35 0.34 0.34 0.36 0.36 0.36 0.39 0.34 0.36 0.29 0.40
Or 0.006 0.007 0.005 0.003 0.006 0.008 0.007 0.005 0.004 0.101 0.007
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modiﬁed bulk composition e minus garnet cores. Chemical iso-
pleths for XFe, XCa and XMg converge on an average P e T of rim
growth of ~0.8 GPa and ~640 C. This suggests that prograde garnet
growth occurred over a small region of P e T space between
~0.7e0.8 GPa and ~615 Ce640 C (Fig. 5C). Problematic retro-
gression on both the very edge of garnet and within the overall
mineral assemblage, means that we are unable to saywith certainty
that i) the calculated PT conditions represent the absolute peak
conditions reached by the amphibolite during prograde garnet
growth, or; ii) place any ﬁrm constraints on retrograde path taken
by the unit. We note, however, a lack of orthopyroxene in either the
modeled sample of this study or neighboring metabasic units,
placing constraints on the maximum temperature possibly attain-
ted to <700 C (Fig. 5C); limited anatexis in the neighboring Iriri
migmatite, suggests temperatures exceeding that of thewet granite
solidus (e.g. ~650 C at 0.8 GPa). We take this to indicate that the
calculated temperature conditions for garnet growth are closely
consistent with the broad characteristics of metamorphism seen in
the wider region. A regionally pervasive greenschist facies fabric
overprinting early structures within the inlier, indicates retrogres-
sion to greenschist facies conditions shortly after peak
metamorphism.Please cite this article in press as: Inglis, J.D., et al., Determining ag
geochronology and phase equilibria modeling in the Tasriwine ophiolite
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6.1. Metamorphism of the Tasriwine ophiolite complex
The results from PT pseudosection analysis (Fig. 5) constrain the
conditions of prograde garnet growth in sample SwT-Gt2 to be-
tween ~0.72 GPa and 615 C (cores) and ~0.8 GPa and ~640 C
(rims). This offers compelling evidence that the Tasriwine ophiolite
complex was buried to depths greater than 24 km during regional
metamorphism. However, due to problematic retrogression of the
amphibolite, we are unable to say with certainty that the PT con-
ditions recorded in the garnet represent the absolute peak pressure
attained. Further analysis of garnet bearing assemblages from
within the ophiolite complex and the surrounding Tachakoucht
complex will help constrain the conditions of peak metamorphism
in central Sirwa. Nevertheless, these calculated PT conditions
represent the ﬁrst reliable quantitative P-T constraints on regional
metamorphism within the Sirwa inlier.
In our interpretation of the geodynamic scenario responsible for
metamorphism of the Tasriwine ophiolite, we implicitly assume
that metamorphism was associated with collision between the
margin of the West African Craton and an intra-oceanic arc (e.g.
Thomas et al., 2002). A model for arc-continental collision is
strongly supported by at least two arguments. First, isotopic and
geochemical data from both the ophiolite suites in the inliere of Pan African metamorphism using Sm-Nd garnet-whole rock
, Sirwa, Anti-Atlas Morocco, Journal of African Earth Sciences (2016),
Fig. 4. Multi-point Sm e Nd isochron for the garnet bearing SwT-Gt2 amphibolite from
the Tasriwine ophiolite complex. Age errors are given as 95% conﬁdence limits.
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with portions of an intra-oceanic arc or its fore-arc, requiring ac-
cretion of the units to the margin of West African Craton. Second,
according to Thomas et al. (2002), structures within the Tasriwine
ophiolite complex are of similar nature and orientation to struc-
tures observed across the Sirwa inlier, including the Iriri migmatite
and Tachakoucht gneisses, which underlie the ophiolite (Fig. 2). It is
therefore likely that all these units were metamorphosed
contemporaneously and that this event had regional signiﬁcance.
Furthermore, the metamorphic conditions observed in the Tasri-
wine ophiolite suite are broadly similar to the high-grade colli-
sional metamorphism prescribed for the evolution of Iriri
migmatites and Tachakoucht gneisses (Thomas et al., 2002;
Triantafyllou et al., 2016). Triantafyllou et al. (2016) report that
the Tachakoucht gneiss represents former andesitic to dacitic rocks
that crystallized 740e720 Ma in an intra-oceanic arc stetting. Using
isopleths corresponding to garnet mantle conditions, Triantafyllou
et al. (2016) estimated that the Tachakoucht intra-oceanic arc rocks
were subsequently buried and metamorphosed to 700 C and
0.8 GPa. Hornblendites and hornblende gabbros of the Iriri Com-
plex were analyzed by Triantafyllou et al. (2016) and estimated to
record intrusions between 651 and 641 Ma and crystallizationPlease cite this article in press as: Inglis, J.D., et al., Determining ag
geochronology and phase equilibria modeling in the Tasriwine ophiolite
http://dx.doi.org/10.1016/j.jafrearsci.2016.06.021conditions of 750e900 C and 0.2e0.5 GPa.
This similarity in deformation history and metamorphic grade
suggests that the peak conditions of metamorphism of Tasriwine
ophiolite have broad regional signiﬁcance and are associated with
collision with the West African Craton. The new data acquired in
our current study can provide further information about the likely
geodynamic scenario associated with this collisional metamorphic
event. In particular, the derived geothermal gradient of ~25e28 C/
km for garnet growth excludes any direct association with meta-
morphism in the subduction channel of the colliding arc. Instead,
such moderate geothermal gradients, within collisional arc re-
gimes, are typically associated with the later stages of collision,
when the arrival of buoyant continental lithosphere jams the
subduction zone, changing the thermal regime of the suture zone;
while continued convergence between the arc and continent cat-
alyzes crustal shortening, orogenesis and eventual obduction.
A whole-rock, bulk-garnet Sm e Nd date of 647.2 ± 1.7 Ma
(Fig. 4) from a single amphibolite samplewithin Tasriwine ophiolite
suite places constraints on the timing of metamorphism. In order to
consider the signiﬁcance of this garnet age, it is crucial that we
assess whether the garnet age dates prograde garnet growth or
post peak diffusive closure. This can be judged by considering both
the compositional proﬁle of major elements in the garnet and the
characteristics of Sm and Nd diffusion within garnet minerals. For
the Sm e Nd system in garnet, the relevant closure temperature is
dependent upon the grain size, cooling rate, lithology and the
presence or absence of ﬂuids (e.g. Tirone et al., 2005). However,
studies of garnet closure under what can be considered normal
metamorphic conditions (e.g. Baxter et al., 2002; Tirone et al., 2005)
have shown that diffusive exchange for Sm in garnet is negligible as
long as garnet is not heated above 700 C for a signiﬁcant period of
time. Our study indicates that the garnet never experienced tem-
peratures exceeding ~650 C. Furthermore, the pattern of zonation
seen within the garnet implies undisturbed prograde growth for
the garnet without any signiﬁcant diffusive reequilibration of the
major elements. The garnet Sm e Nd date of c. 647 Ma from this
study is therefore considered the best estimate for prograde garnet
growth and thus regional metamorphism in the Sirwa inlier. We
note that the calculated age is ~16 Ma younger than the previous
age constraint on collision in the Sirwa inlier, based upon a U-Pb
SHRIMP date of 663 ± 13Ma from rims on zircon crystals within the
Iriri migmatite (Thomas et al., 2002). This may suggest that high-
grade metamorphism within Sirwa was prolonged in nature,
spanning an age interval of 663e647 Ma. However, the uncertainty
in the U-Pb date is large enough that contemporaneous meta-
morphic zircon growth and prograde garnet growth cannot be
ruled out. Alternatively, prograde garnet growth could have span-
ned a large time interval and the derived garnet age of
647.2 ± 1.7 Ma is heavily biased toward the ﬁnal stages of garnet
growth. This would require the Sm in the garnet to be heavily
fractionated towards the rims of the garnet to bias the bulk-age in
this manner. While the level of Sm fractionation from core to rim in
the analyzed garnet is not known, previous studies (Lapen et al.,
2003; Skora et al., 2006; Kohn, 2009) have shown either rela-
tively uniform Sm and Nd distribution within garnet or only rela-
tively weak enrichment from core to rim. If this is assumed to be
the case with the garnet analyzed in this study, then it is likely the
age derived will either represent a uniformmixture of core and rim
growth and therefore the overall growth history of the garnet or be
only slightly biased toward the age of rim growth. Furthermore the
small PT range between the cores and rims as well as the textural
evidence for a large reaction overstep suggests prograde garnet
growth occurred over a relatively short period of time. Taken as a
whole we suggest that peak metamorphism within the Tasriwine
ophiolite occurred over a short duration.e of Pan African metamorphism using Sm-Nd garnet-whole rock
, Sirwa, Anti-Atlas Morocco, Journal of African Earth Sciences (2016),
Fig. 5. Pseudosection analysis for sample SwTGt2. (A) Pseudosection diagram based upon whole rock chemistry. Garnet chemical isopleths corresponding to observed garnet core
chemistry have been used to constrain PT estimates for growth of garnet core (XFe ¼ yellow, XMg ¼ blue, XCa ¼ orange). Dashed lines indicate range of A compositions seen within
plagioclase inclusions with core of garnets analyzed. [(1) chl pheng pl gt amp ilm bio q H2O; (2) chl pl gt amp ilm bio ky pa q; (3) chl pheng pl gt amp ilm bio ky pa q; (4) chl pheng
pl gt amp ilm bio q H2O ]. (B) Pseudosection diagram based upon bulk composition minus garnet cores. Garnet chemical isopleths corresponding to observed garnet rim chemistry
have been used to constrain PT estimates for growth of garnet rim (XFe ¼ yellow, XMg ¼ blue, XCa ¼ orange). [(1) chl pheng pl gt amp ilm bio q; (2) chl pheng pl gt amp ilm bio ky q;
(3) chl pl gt amp ilm bio ky q]. (C) Summary of P-T history of sample SwTGt2. Solid grey arrow represents PT path deﬁned by growth zoning within analyzed garnets. Dashed grey
line represents a possible exhumation path following c. 647 Ma, see text for explanation. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)
Table. 2
Bulk compositions used in pseudoseciton analysis.
Wt% Whole rock Minus garnet cores
SiO2 45.81 46.53
TiO2 1.49 1.72
Al2O2 19.68 19.16
Feo 15.56 12.53
MgO 7.06 7.49
CaO 4.02 4.04
Na2O 2.57 2.97
K2O 1.76 2.03
H2O 3.0 3.0
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overgrowths from the nearby Tachakoucht leucogneiss and granitic
rocks within the Tourtit orthogneiss of 651 ± 5 Ma and 641 ± 5 Ma
respectively. In this case Triantafyllou et al. (2016) attributed thePlease cite this article in press as: Inglis, J.D., et al., Determining ag
geochronology and phase equilibria modeling in the Tasriwine ophiolite
http://dx.doi.org/10.1016/j.jafrearsci.2016.06.021age of new zircon growth to a second magmatic event in the arc,
concluding that zircon oscillatory zoning of the rims suggested a
true magmatic environment rather than a HT metamorphic zircon
overgrowth. Interpreting U-Pb ages from zircon growth rims can be
ambiguous unless both chemical and textural constraints can
directly link zircon growth to reactions in the rock (e.g. Rubatto,
2002). In the absence of either inclusions or trace element pat-
terns from the zircon rims dated that are diagnostic of magmatism
or metamorphic conditions seen within the inlier, it is difﬁcult to
unambiguously correlate these LA-ICP-MS ages with the garnet age
presented in this study. Likewise, the large uncertainty associated
with the mean zircon rim date from the Iriri migmatite of
663 ± 13 Ma (Thomas et al., 2002), further complicates a direct
comparison with the garnet date presented here. We therefore
contend that the precise date of 647.2 ± 1.7 Ma derived from garnet
in this study, provides the ﬁrst robust high precision age in the
region that can be directly linked to a speciﬁc metamorphic evente of Pan African metamorphism using Sm-Nd garnet-whole rock
, Sirwa, Anti-Atlas Morocco, Journal of African Earth Sciences (2016),
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metamorphism.
6.2. Implications for arc-continental collision in the Anti-Atlas
It is important to emphasize that the results from the Tasriwine
ophiolite, in the strictest sense, apply only to the metamorphic
evolution of the central portion of the Sirwa inlier. Further analysis
of other garnet bearing lithologies beyond this region are required
to reconstruct a comprehensive metamorphic history of collision in
the Anti-Atlas. Still, if we make the reasonable assumption that the
garnet date of 647.2 ± 1.7 Ma from this study constrains the latter
stages of subduction to collision orogenesis in Sirwa, then this al-
lows for some broad observations to be made.
First, the c. 647 Ma age for peak metamorphism in Sirwa is
~15 Ma older than current constraints on the age of syn-to post-
collision sedimentation in both the Saghro basin to the north
(Liegeois et al., 2006; Gasquet et al., 2008) and the Sirwa inlier
(Abati et al., 2010). We note that >8000 m of sedimentation in the
Saghro and Sirwa inliers imply a high degree of subsidence and
therefore extension during sedimentary basin development. The
youngest observed detrital zircon ages of 630e610 Ma from the
Saghro and Sirwa inliers indicate that basin development does not
span the culmination of collision recorded in this study. This time
gap may indicate that the northern depocenters developed in
response to orogenic extensional collapse following collision,
allowing several kilometers of clastic material to be eroded from
the adjacent collisional orogen. In this regard, the c. 647 Ma age
from the Tasriwine ophiolite would provide a lower age limit on
when post-collisional extension within the orogeny was initiated.
The results obtained from the Tasriwine ophiolite also allow
comparison with the metamorphic history of the neighboring Bou
Azzer inlier 30 km to the east. Here, at least two separate phases of
regional metamorphism and deformation are recognizable (e.g.
D’Lemos et al., 2006; El Hadi et al., 2010). D’Lemos et al. (2006)
identiﬁed an upper greenschist to amphibolite facies fabric pre-
served within the oldest identiﬁably Neoproterozoic basement
units in the inlier including ametagabbro dated at 753± 2.4Ma and
an augen gneiss dated at 753 þ 2/1 Ma by U-Pb geochronology.
Leucogranite sheets that cross cut the foliation in the augen gneiss
and metagabbro have U-Pb dates of 705 þ 2/-3 Ma and 701 þ 2/
1 Ma and were viewed by D’Lemos et al. (2006) to be late syn-
tectonic. Therefore, early fabric development must have occurred
between 750 and 700 Ma, associated with the Iriri-Tichibanine
Orogeny.
D’Lemos et al. (2006) indicate that this early fabric is over-
printed by regional greenschist facies deformation, whose age span
was constrained to 654e640 Ma by Inglis et al. (2005), using high
precision single zircon U-Pb age dating techniques on syn-tectonic
intrusions. This age span has been subsequently conﬁrmed by
similar, but less precise, U-Pb zircon dates of related intrusions in
the Bou Azzer inlier (El Hadi et al., 2010; Walsh et al., 2012). This c.
650e640 Ma period of greenschist facies fabric development is
associated with arc-continent collision during the Bou Azzer
Orogeny (e.g. Saquaque et al., 1989; Hefferan et al., 2002, 2014;
Inglis et al., 2005), although Walsh et al. (2012) have suggested
that the event is syn-to post-tectonic with respect to arc collision. El
Hadi et al. (2010) identiﬁed a relic foliation andmineral assemblage
of garnet and rutile, overprinted by regional greenschist facies
deformational features, in Bou Azzer rocks. El Hadi et al. (2010)
estimate that peak metamorphic conditions at pressures tenta-
tively above 1 GPa (garnet and rutile association) and temperatures
>600 C (Zr-in-rutile thermometry) might have affected the Bou
Azzer ophiolite terrane. Available ﬁeld and experimental data
indicate that rutile exsolution in garnet is associated withPlease cite this article in press as: Inglis, J.D., et al., Determining ag
geochronology and phase equilibria modeling in the Tasriwine ophiolite
http://dx.doi.org/10.1016/j.jafrearsci.2016.06.021retrogression of Ti rich garnet (Zhang et al., 2003); such high-Ti
garnet form under granulite or UHP conditions (e.g. Ague and
Eckert, 2012). It is currently impossible to comment on the
possible tectonic implications of this discovery because the plau-
sible types of extreme metamorphism associated with high-Ti
garnet (Ague and Eckert, 2012) are generated in widely different
tectonic settings (see Brown, 2006 for discussion). Constraining
these possible extreme conditions of metamorphism clearly de-
mands further analysis and our ongoing ﬁeld investigations are
focused upon providing precise geochronologic and thermody-
namic constraints on this period of metamorphism in Bou Azzer
through well preserved garnet bearing assemblages. We note here
that if the possible extreme metamorphism identiﬁed in Bou Azzer
correlates with the 750e700 Ma deformation seen within the
Tazigaout complex, then the striking differences in age and con-
ditions of metamorphism between Sirwa and the early events in
Bou Azzer add weight to the idea that there are two or more
discrete tectonothermal events in the Anti-Atlas (e.g. D’Lemos et al.,
2006; Walsh et al., 2012; Hefferan et al., 2014).
The c. 647 Ma age for metamorphism in Sirwa does correlate
with the c.650e640 span of regional greenschist facies deformation
identiﬁed in Bou Azzer by Inglis et al. (2005) and previously
attributed to the main period of Pan-African deformation in
Morocco (e.g. Saquaque et al., 1989; Hefferan et al., 2002; Inglis
et al., 2005). This correlation supports the commonly held view-
point of orogen wide magmatism and arc-continent collision be-
tween c. 660e640 Ma (Hefferan et al., 2014; Triantafyllou et al.,
2016).
However, we note two discrepancies between our ﬁndings in
Sirwa and the main period of deformation seen in Bou Azzer. First,
established PT constrains on the main period of deformation in Bou
Azzer, ranging from 0.5 to 0.7 GPa and 400e600 C (Hefferan et al.,
2002; Bousquet et al., 2008), are lower than those recorded in Sirwa
in this study. Second, the new data presented here suggests that
collisional metamorphism in Sirwa occurred relatively late in
comparison to the 660e640Ma age range for collision derived from
previous U-Pb studies (Inglis et al., 2005; Walsh et al., 2012). These
discrepancies may indicate: i) that arc-collision within the Anti-
Atlas was oblique in nature and produced diachronous deforma-
tion and metamorphism across the orogenic belt; ii) large scale
imbrication of the colliding arc, exposing different crustal levels
and deformation events across the orogenic belt or; iii) a complex
along strike arc-trench architecture.
The wide time span for collision previously observed within the
orogeny might also be an artifact of the resolution with which syn-
kinematic intrusions can bracket individual periods of meta-
morphism. This is a particular problem in the Anti-Atlas because
the utility of syn-kinematic intrusions is limited because defor-
mation is characterized by the development of structures of
different ages that have similar orientation yet are tectonically and
thermally distinct (e.g. Inglis et al., 2005). This tectonic overprinting
leads to difﬁculties in discriminating between multiple stages of
metamorphism and deformation such that similarly orientated
structures that formed at different times during the progressive
evolution of the orogen may be mistakenly correlated, resulting in
early events being overlooked and a subsequent overestimation on
the age span of individual deformation and metamorphic events. If
this is the case in the Anti-Atlas, then the new data presented here
demands a careful reassessment of the structural andmetamorphic
history of the main period of deformation in the belt with regard to
which structures are pre-collisional/subduction features, which are
associated with ﬁnal collision, and which are post-collisional. In
this regard, the utility of garnet studies, such as in the case pre-
sented here, is clear as they allow particular periods of magmatism
and deformation to be precisely correlated with precisee of Pan African metamorphism using Sm-Nd garnet-whole rock
, Sirwa, Anti-Atlas Morocco, Journal of African Earth Sciences (2016),
J.D. Inglis et al. / Journal of African Earth Sciences xxx (2016) 1e1110information on the age and conditions of metamorphism occurring
within the orogen.
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